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A comparison of the secondary emission (photoluminescence) and 
Bragg reflection spectra of photonic crystals (PC), namely, syn- 
thetic opals, opals infiltrated by colloidal gold, glycine, and a com- 
plex of colloidal gold with glycine is performed. The infiltration of 
colloidal gold and a complex of colloidal gold with glycine into the 
pores of PC causes a short- wavelength shift (about 5—15 nm) of the 
Bragg refiection and increases the intensity of this band by 1.5-3 
times. In photoluminescence, the infiltration of PC by colloidal 
gold and colloidal gold with glycine suppresses the PC emission 
band near 375-450 nm and enhances the shoulder of the stop-zone 
band of PC in the region of 470-510 nm. The shape of the ob- 
served PC emission band connected with defects in synthetic opal 
is determined by the type of infiltrates and the excitation wave- 
length. Possible mechanisms of the effects are discussed. 



1. Introduction 

Synthetic opal is known as one of the typical photonic 
crystals (PC) The PC optical property study in the 
region of the forbidden zone and its vicinity is of inter- 
est for fundamental investigations and technical applica- 
tions. A modification of the stop-zone properties could 
be done by the infiltration of different dielectrics, met- 
als, and organic molecules into the pores of PC P,^. 
Thus, it was shown in Q that the minimum of the lu- 
minescence intensity of synthetic opal is registered in a 
region, where the Bragg reflection maxima occur. Radia- 
tive photon modes go out freely from PC, while bounded 
photonic modes always exist inside the globules of big 



sizes. These modes are not radiative due to their total 
internal reflection on the surface of globule sphere. 

The introduction of NaN02 (non-organic dye) into the 
PC pores has led to changes of the secondary emission 
spectra . Namely, in a thin crystal for the transmit- 
tance mode, the fluorescence of NaN02 is suppressed, 
while a flash of the intensive irradiation is observed on 
the PC stop-zone boundary near A = 562.5 nm. This 
emission is shifted to the long- wavelength region in com- 
parison with the spectral position of the absorption of 
the initial radiation by the stop-zone, and the emission 
intensity was ~ 0.01 of that of the excitation radiation. 
Changes in the spectra of syirthetic opals occur also when 
the crystal thickness grows [7f. 

In [2|, it was shown that photonic crystals display 
the effect of "hidden box" for biological molecules in- 
filtrated into the opal pores. Spherical gold nanopar- 
ticles in a colloidal solution show a plasmon resonance 
close to the opal stop-zone. In the present paper, the 
Bragg reflectance and the secondary emission (photo- 
luminescence) of synthetic opals infiltrated by aqueous 
colloidal gold, glycine, and a complex of colloidal gold 
with glycine are studied. A possible mechanism of the 
observed effects is discussed. 

2. Materials and Methods 

Nanodisperse silica globules were synthesized by the Sto- 
ber method, followed by the natural sedimentation and 
the annealing in air at a temperature of 600 °C. The an- 
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Fig. 1. Microstructure of synthetic opal with magnifications k = 10000 (a) and k = 50000 (6) 



nealing is necessary to remove the organic components 
of a buffer solution from the pores of opal [l| . The size 
of the fabricated opal crystals was 10 x 10 x 2 mm. For 
the infiltration of PC, we have used a colloidal aqueous 
solution of 10-20-nm gold nanoparticles (40 mg/1), a 1- 
mg/ml aqueous solution of an a-Gly powder (Sigma), as 
well as a complex of colloidal gold with glycine molecules 
prepared as a result of mixing the above-mentioned so- 
lutions according to the ratio: 5 volume parts of the 
aqueous glycine solution, 2 ~ the colloidal aqueous gold 
solution, and 3 - distilled water. The process of infil- 
tration has been made by the multiple "drop and dry" 
procedure of the corresponding solution (10 mcl) on the 
PC surface and the consecutive drying of them at room 
temperature. The structure of the samples and opti- 
cal properties have been characterized with SEM anal- 
ysis, optical spectroscopy of the visible range, and lu- 
minescence. SEM images of opals were obtained with 
an EPMA SET JXA-8200 microscope. The reflectance 
of nonpolarized light in the visible spectral range was 
measured with a spectrophotometer based on a DMR-4 
monochromator at different (10°, 20°, and 30°) angles of 
incidence. The spectra of fluorescence have been regis- 
tered with a Perkin Elmer LS-55 fluorescence spectrom- 
eter under excitation with Aoxc = 255 and 370 nm with 
long-pass filters, 290 and 390 nm, respectively. 

3. Results of Experiments 

The SEM images of synthetic opal are presented in 
Fig. 1. The diameter (d) of globules was estimated as 
240 nm, and the size of cavities as 30-50 nm. 



The reflection spectra of initial synthetic opals, opals 
with colloidal gold, and opal with complex of colloidal 
gold and glycine in the visible region are presented in 
Fig. 2. The Bragg reflection for initial opal is observed 
in the region of 470-510 nm. This region displays the 
stop-zone of PC. The obtained data correlate well with 
the calculation of (111) Bragg maximum for a photonic 
crystal built from silica globules with the diameter d = 
240 nm according to the formula 



Ar = 2\l-d 



nL - sin^ ip. 



(1) 



Here, the effective refractive index n^fr = 



'SiOa 

/si02 + '^mll - /siOs); whcrc nsiOs = 1-47, n„r = 1 for 
air or n„i — 1.33 for the aqueous solution, / = 0.74 is the 
filling factor for a dense packing of equal spheres. As one 
can see from Fig. 2,(a-c), the Bragg reflection maximum 
displays a short- wavelength shift from 505 nm for initial 
opal to 500 nm after the introduction of colloidal gold in 
PC and to 495 nm after the introduction of a colloidal 
gold-glycine complex. Additionally, after the introduc- 
tion of colloidal gold and colloidal gold with glycine in 
PC, an increase of the Bragg maximum intensity by 1.5 
and 3 times, respectively, is observed. 

We have registered the photoluminescence excitation 
spectra at A = 500 nm at the normal incidence of light to 
the surface of PC in the backscattering geometry. The 
excitation spectra show 3 intense bands (Fig. 3) with 
maxima at 236, 250, and 360 nm. In [^], the band at 
250 nm was attributed to the zone-zone transition in 
Si02. Under the infiltration of PC with colloidal gold 
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Fig. 2. Spectra of the Bragg reflection of a— initial opal, 6 - opal 
with colloidal gold, c — opal with colloidal gold and glycine, mea- 
sured at the incidence angles of 10° (curves i), 20° (curves 2), and 
30° (curves 5) 



and glycine, the band at 360 nm was shifted to the long 
wavelength region. 

The photoluminescence spectra have been registered 
for initial opal, as well as for opals infiltrated by col- 
loidal gold, glycine, and complex of colloidal gold with 
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Fig. 3. Excitations spectra of fluorescence (registered at A = 500 
nm) for initial PC (curve i), PC with colloidal gold (curve S), PC 
with glycine (curve 5), PC with colloidal gold and glycine (curve J^) 



glycine (Fig. 4). After the infiltration of colloidal 
gold, a decrease of the intensity of the band at 375- 
450 nm was observed. Under the introduction of glycine 
in opal, the intensity of the peak near 500 nm is sup- 
pressed. The observed features in the photolumines- 
cence spectra could be explained by the close location 
of the PC stop-zone and the plasmon resonance region 
in gold nanoparticles to the region of emission of ini- 
tial opal and the fluorescence property of gold parti- 
cles [Sj- Thus, it was shown in [9| that gold particles 
have a plasmon resonance near 530 nm. Meanwhile, the 
gold particles or gold rough surface show the photolu- 
minescence in the visible region [sj. This effect could 
lead to the formation of a complex fluorescence band 
of PC with colloidal gold and suppress an influence 
of the stop-zone in the region of appearance of plas- 
monic effects. However, at a certain frequency, we could 
get an essential enhancement of the emission signal as 
well. 

Three bands become apparent in the spectra of sec- 
ondary emission of initial and modified synthetic opal 
under the excitation with A = 255 (Fig. 4, a) and 370 
nm (Fig. 4,6): 1) 375-450 nm, 2) 490-500 nm, 3) 650- 
670 nm. These bands are connected with defects and 
admixtures. For example, according to [lo|; the band at 
523 nm could be assigned to the surface state of =Si-H 
with an energy of 2.37 eV; the band at 625 nm could 
be assigned to the volume state of =Si-0 with an en- 
ergy of 1.9 eV, and the band at 692 nm - to the sur- 
face state of =Si-0 (1.79 eV). However, the band in 
the region near 400 nm is under discussions [Toj, and 
it can be connected with different admixtures in chemi- 
cally grown Si02 globules, for example, with Zr02 [ll| . 
etc. 
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Fig. 4. Photolumincscence spectra: 1 - initial PC; 2 - PC with 
colloidal gold; 3 - PC with glycine; 4 ^ PC with colloidal gold and 
glycine, a - excited by Aexc = 255 nm and b - excited by Aexc = 
370 nm 



Due to the infiltration of PC with colloidal gold, we 
have observed the enhancement of the emission at 500 
nm by 1.5 times and the suppression of the emission 
at 375-450 nm (Fig. 4, a). The infiltration of opal by 
glycine leads to the enhancement of a wide emission band 
near 434 nm by 3 times with a simultaneous decrease of 
the band at 500 nm. In the case of the infiltration of 
opal with the complex of colloidal gold with glycine, we 
have r(;gistered an increase of the intensity of both 500 
mil and 434 nm bands by 2 times simultaneously. These 
changes could be caused by the enhancement of a local 
field near the surface of PC, as well as by plasmonic 
effects due to the presence of colloidal gold. Note that 
colloidal gold in an aqueous solution under the excitation 
with A = 255 and 370 nm reveals a very weak emission 
in the region of 420-450 nm (Fig. 5). The intensity of 
this emission is about two orders less than the emission 
from opal. 
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Fig. 5. Photolumincscence spectra of 10— 20-nm colloidal gold in an 
aqueous solution excited with Aexc — 255 (curve i) and Aexc — 370 
nm (curve 2) 

4. Conclusions 

The investigation of the Bragg reflection and secondary 
emission spectra of synthetic opals, opals infiltrated by 
colloidal gold, glycine, and the complex of colloidal gold 
with glycine is performed. The Bragg reflection band of 
PC is shifted by 5-15 nm to the short wavelength side 
under the infiltration of opal, and the intensity of this 
band increases by 1.5-3 times. Opal reveals a complex 
photolumincscence band in a vicinity of 350-550 nm. 
The shape of the emission band connected with defects 
in synthetic opal is determined by the excitation wave- 
length and the type of infiltrated substances. The sup- 
pression of the emission band (375-450 nm) and an en- 
hancement of the shoulder (470-510 nm) of the stop-zone 
band under the infiltration of opal with colloidal gold 
and colloidal gold with glycine could be caused by plas- 
monic effects and the influence of the increased density 
of photonic states on the boundary of the PC stop-zone. 

We thank Ukrainian- Russian project 4/11-24 "The 
glow of three-dimensional photonic crystals for optical 
and electrical excitation" for the financial support. 
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BTOPHHHA EMICm CHHTETHHHHX OHAJIIB, 
IHOIJIbTPOBAHHX KOJlOIflHHM 30JI0T0M 
TA rjlIU,HHOM 

r.I. JJoe6eui,KO, O.M. 0eceHKO, B.B. Bouko, B.P. Pomuhiok, 
B.C. FopeAiK, B.M. MoiceeuKO, B.B. Co6oAe6, B.B. IIIecuiaziH 

P e 3 K) M e 

IlpoBefleHO nopiBHajibHHH aHajri3 BTopHHHOi eMici'f (cJioTOjiioMiHe- 
cii,eHLi,ii) Ta 5pcriBCL.Koro Bifl6iiBaHHH c^otohhhx KpHCTajiiB (chhtc- 

THHHHX OnajliB), IntjiijIbTpOBaHHX KOJIOi'flHHM 30JI0T0M, rjliLI,HHOM 

Ta KOMnjieKcoM KOjioiflHoro 30ji0Ta 3 rjiiipiHOM. IntJiiJibTpania ko- 
jioi'flHoro 30JiOTa Ta ftoro KOMnjieKcy 3 tjiIi^hhom b nopn 4)OTOHHoro 
KpHCTajia npHBejia flo KopoTKoxBHjiBOBoro (na 5—15 hm) 3cyBy Ma- 

KCHMyMy 6periBCbKoro Bifl6HTTH Ta spocTanHH iioro iHTeHCiiBHOCTi 
B 1,5—3 pa3H. y 430TOjiiOMiHecLi,eHLi;ii iHcJ^ijiBTpai^ia KOjioi'^Horo 30- 
jiOTa Ta KOMnjiCKCy KOJioi^HOro sojiOTa 3 fjiIi^hhom y nopH 4)Otoh- 
Horo KpHCTajia npHBOflHTB flo npHrniieHHSi CMyra no6jiH3y 375— 
450 HM Ta flo niflCHjieHHH cMyrn no6jiH3y Kparo cTon-30HH na 470— 
510 HM. OopMa cMyTH (J)OTOJiK)MiHeci;eHi;ii onajiy, mo BHKjiHKaHa 
ftoro Ae4)eKTaMH Ta /;oMimKaMH, BH3HaHaeTBca aobxciihoio xbhjiI 
36yfl:>KyiOMoro BHnpoMiHiOBaHHji Ta TiinoM iHcJjijiBTpaTy. 06roBO- 
peHO Mo^KjiHBi MexaHi3MH e4)eKTiB, iii,o cnocTepiraiOTbCH. 
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